Apert syndrome is caused by mutations in fibroblast growth factor receptor 2 (Fgfr2) and is characterized by craniosynostosis and other skeletal abnormalities. The Apert syndrome Fgfr2
Introduction
Fibroblast growth factors (FGF) and fibroblast growth factor receptors (FGFR) play critical roles in the process of osteogenesis that occurs in the developing calvarial and long bones [1, 2] . In humans, mutations in FGFR1, FGFR2, and FGFR3 were shown to induce craniosynostosis, a congenital disease that is characterized by premature fusion of cranial sutures. One of the most severe forms of craniosynostosis is Apert syndrome, an autosomal dominant disorder characterized by craniofacial anomalies and severe symmetrical syndactyly (fused fingers and toes). The prevalence of this condition is estimated at less than 1 in 65,000 live births and accounts for 4.5% of all cases of craniosynostosis [3, 4] .
Genetic analysis has revealed that more than 99% of cases with Apert Syndrome arise by specific missense mutations resulting in amino acid substitutions in adjacent residues, Ser252Trp (S252W) and Pro253Arg (P253R), in the linker between the second and third extracellular immunoglobulin domains of FGFR2 [5, 6] . These mutations are proposed to cause misregulated tyrosine kinase receptor activity by producing increased ligand affinity and changes in specificity for fibroblast growth factors [7] [8] [9] . The S252W mutation affects the two splice forms of FGFR2, b and c, allowing mesenchymal splice form FGFR2c to bind and be activated by the mesenchymal-expressed ligands FGF7 or FGF10, to which FGFR2c does not normally bind [8] . The results of loss of FGFR2 function have suggested a critical role for FGF signaling in pregastrulation mammalian development [10] . Despite these advances in our understanding of FGFR2 mutations, the detailed molecular mechanisms underlying pathogenesis of Apert syndrome remain elusive.
Two groups have created FGFR2 knock-in mutant mice that exhibit features similar to those of human Apert syndrome [11, 12] . In our Fgfr2 +/S252W mice, a midline sutural defect and craniosynostosis with abnormal osteoblastic proliferation and differentiation was observed in mouse embryos at embryonic day 16.5 to postnatal day 1 [11] . However, due to the early postnatal lethality of this mutation, it is very difficult to analyze the abnormal bone growth in these mice. Therefore, it remains to be understood how the mutations affect tissue development at a more Bone 43 (2008) [55] [56] [57] [58] [59] [60] [61] [62] [63] mature stage. Isolation and culture of cells from these mutant mice under controlled in vitro conditions would enable us to perform extended studies of the abnormal tissue development in a more quantitative manner. Previous in vitro studies of Apert mutant cells were performed only in 2D culture, which may not be a realistic representation of how the cells behave in the 3D environment in vivo [13, 14] . The technology for growing cells in 3D is one of the key techniques in tissue engineering applications. While having been widely used in tissue engineering as a vehicle for tissue repair, this 3D cell culture system has not been well explored as an approach for understanding mechanisms of cell response in disease progression. A rapidly growing body of literature has underscored the importance of physical three-dimensionality of the matrix in regulating cell behavior, including cell proliferation and differentiation [15] [16] [17] [18] [19] [20] [21] . Cell-matrix interactions in 3D matrices differ greatly from those characterized on 2D substrates [15, 22] . In addition, numerous cancer cell behaviors in 3D culture have been identified that were not present in 2D culture [22] .
We previously demonstrated that photopolymerizing poly(ethylene glycol)-diacrylate (PEGDA) hydrogels can be used to encapsulate cells and support bone and cartilage tissue regeneration in a 3D environment [23] [24] [25] . In the present study, we isolated cells from the long bones of Apert Fgfr2 +/S252W mice, expanded and characterized them in 2D culture, and then examined bone development in 3D using a hydrogel culture model. We report here that the FGFR2
mutation is associated with increased osteoblastic differentiation, decreased matrix remodeling and abnormal chondrogenesis; and such alterations in cell differentiation may be due in part to changes in the Fgfr2 response to FGF ligands. The consistency of these in vitro data and in vivo animal model suggests this 3D culture system is an effective in vitro tool to study the pathogenesis of Apert syndrome.
Materials and methods
The Fgfr2 +/S252W mice
The Apert Fgfr2 +/S252W mice were generated as previously reported [11] . Genotyping of tail DNA to distinguish mutant from wild-type progeny was carried out by PCR analysis. Apert Fgfr2 +/S252W mice are neonatal lethal and demonstrate significant anomalies including craniosynostosis and multiple bony anomalies, as evidenced by histopathological studies [11] . Skeletal staining with Alizarin Red S and Alcian Blue was performed [26] . Care and use of mice for this study were in compliance with relevant animal welfare guidelines approved by the Johns Hopkins University Animal Care and Use Committee.
Isolation and expansion of cells from the long bones of Fgfr2 +/S252W mice Cells were obtained from the middle shaft of the limbs of Apert newborn (day 0) Fgfr2 +/S252W mice (n = 6) as previously described (Fig. 1A ) [11] . Grossly, the mutant and wild-type mouse limbs exhibit similar morphology, and the mutant mice demonstrated a smaller body size in general [11] . The cells were isolated using 1 mg/ml collagenase D (Boehringer Mannheim) digestion for 2 h, and cultured in DMEM (GIBCO) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. By the same procedure, cells were also isolated from wild-type littermates (n = 6) and cultured as controls. Alkaline phosphatase (ALP) and collagen type I staining of monolayer culture: To verify that the cultured cells had characteristics of osteoblasts, passage 1 cells were stained for ALP and collagen type 1. After 4 days in culture, the cells were fixed in 10% formalin for 15 min. For ALP staining, the fixed cells were incubated for 30 min with a staining solution including 0.1 mg/ml naphthol AS-MX (Sigma) and 0.2 mg/ml fast redviolet LB salt (Sigma) in 0.1 M Tris buffer; cells positive for ALP appeared red. For collagen type I staining, immunofluorescence staining was performed using rabbit polyclonal antibodies specific for collagen type I (Research Diagnostics) as the primary antibody and fluorescein (FITC)-conjugated AffiniPure goat anti-rabbit IgG (Jackson ImmunoResearch Lab) as the secondary antibody. In negative control samples, the primary antibody was replaced with PBS.
Cell proliferation, ALP activity kinetics and responses to FGF2 and FGF10 in 2D culture
Cell proliferation
Osteoblasts (passage 1) from Fgfr2 +/S252W or wild-type mice were plated in 96-well culture plates at a density of 5000 cells/cm 2 . Cells were cultured with 100 µl (per well) of osteoblast medium, with the medium being changed daily. After 4 days of culture, the number of proliferating cells in each well was determined using the CellTiter 96® AQ ueous One Solution cell proliferation assay. This colorimetric assay indirectly quantifies proliferating cells based on bioreduction of a tetrazolium salt by living cells to a colored formazan product. Briefly, CellTiter 96® AQ ueous One Solution 20 µl/well (Promega) was added to the cell-containing wells. The same volume was also added to each of three wells containing medium alone to allow us to calculate the background absorbance from the medium. The samples were incubated for 2 h at 37°C. Absorbance (490 nm) was read using a μQuant universal microplate spectrophotometer (Bio-Tek Instruments®). ; WT: wild-type. Scale bars: B,C, 100 µm.
ALP activity kinetics
Passage 1 osteoblasts were plated in 6-well culture plates at an initial density of 5000 cells/cm 2 . To measure the ALP activity quantitatively, Fgfr2 +/S252W or wild-type cells from three wells were harvested by trypsin treatment at a specific time every other day, and the cell number from each well was determined using a Z2 Coulter Particle Count and Size Analyzer. Trypsinized cells were then washed in PBS three times, vortexed in 0.2% Triton X-100 (Sigma) for 5 min, and the supernatants were collected for quantitative ALP assay. ALP reagent was prepared using the Alkaline Phosphatase Substrate Kit (BioRad Laboratories) following the manufacturer's instructions. Absorbance kinetics was recorded at 405 nm using a Beckman DU-530 spectrophotometer and the ALP activity was calculated on the basis of millimolar absorptivity of p-nitrophenol.
For comparison, the ALP activity was normalized on the basis of cell number.
Responses to FGF2 and FGF10
To examine the effect of FGF2 and FGF10 on cell proliferation and ALP activity, respectively, 10 ng/ml of FGF2 or FGF10 (Research Diagnostics Inc) was added to the culture medium of the Fgfr2 +/S252W and wild-type cells over a 10-day culture period.
Cell proliferation was evaluated by the CellTiter 96® AQ ueous One Solution cell proliferation assay as described above, and quantitative ALP assays were performed every other day during the 10-day culture period.
Cell encapsulation and tissue development of osteoblasts from Fgfr2 +/S252W and wild-type mice in 3D hydrogels
Hydrogel encapsulation
Polymer solution was prepared by dissolving poly(ethylene glycol)-diacrylate (PEGDA; Nektar Therapeutics) in PBS to make a 15% (w/v) hydrogel, with 0.05% (w/v) photoinitiator Igracure D2959 (Ciba Specialty Chemicals) [24] . Osteoblasts (P3) from Fgfr2 +/S252W or wild-type mice were homogeneously suspended in the polymer solution to yield a concentration of 1.5 × 10 7 cells/ml. The cell-polymer mixture (75 μl) was then loaded into cylindrical molds (6 mm in diameter), and exposed to UV light (365 nm, 4 mW/cm 2 ) for 5 min to achieve gelation. Cell viability after the encapsulation was determined using a live/dead viability/cytotoxicity kit for mammalian cells (Molecular Probes). The hydrogels were incubated in osteogenic medium as previously defined [24] for 4 weeks before harvest, with medium change every 2-3 days.
RT-PCR
Total RNA was isolated from three constructs per group using Trizol method [24] and RNA from monolayer osteoblasts before encapsulation was also isolated as a control using the RNeasy Minikit. The cDNA was synthesized by RT using the Superscript FirstStrand Synthesis System (Invitrogen). PCR was performed using Taq DNA Polymerase (Invitrogen) for 35 cycles and analyzed by electrophoresis on 2% agarose gels. Quantitative PCR analysis was also performed using SYBR Green detecting reagents on a Sequence Detector System (ABI 7700) and all samples were analyzed in triplicates. Relative mRNA level was calculated using the ΔΔCt methods. In brief, the expression level of every gene was first normalized to beta-actin, and results are presented as relative fold changes in the Fgfr2 +/S252W group using normalized mRNA level in the wild-type group as controls. The sequences of PCR primers are listed in Table 1 .
DNA content
At the end of 4 weeks of culture, three samples from each group were harvested for DNA assays as previously described [24] . Lyophilized hydrogel samples were digested using papain-PBE solution and DNA content was determined by fluorophotometry with Hoechst 33258 dye (Aldrich). Wet and dry weights after 48 h of lyophilization were obtained from all constructs for normalization of DNA content.
Histology and immunofluorescence staining
Three constructs per group were harvested for histological evaluation at the end of 4 weeks of culture. The hydrogels were fixed overnight in 4% paraformaldehyde at 4°C and transferred to 70% ethanol until embedded in paraffin. Sections were stained with hematoxylin and eosin for examination of cell morphology. Immunofluorescence staining was performed as previously described, with rabbit polyclonal antibodies specific for collagen type I and type II (RDI) used as the primary antibodies.
In situ hybridization of the limbs from Fgfr2 +/S252W mice
In situ hybridization was performed on neonatal day 0 mouse limb sections as described by Wilkinson (1992) [27] with modifications. The mouse osteopontin (OP) and bone sialoprotein (BSP) cDNA fragments were respectively cloned into the pCRII-TOPO® Vectors. The plasmids were linearized, sense and antisense single-stranded RNA probes were generated with T7 and SP6 RNA polymerases.
Statistical analysis
All experiments were performed in triplicate, and the results are reported as means ± standard deviation. Statistical significance was determined by analysis of variance (ANOVA single factor) and set at p b 0.05.
Results
To confirm the osteoblast phenotype, cells isolated from the middle shaft of the long bones of Fgfr2 +/S252W mice ( 
Effects of +/S252W mutation on cell proliferation and its response to FGF ligands in monolayer culture
Osteoblasts from Fgfr2 +/S252W mice exhibited significantly greater proliferative capacity than cells from wild-type mice during monolayer culture ( Fig. 2A) . The Fgfr2 +/S252W cells showed an 81% increase in the number of proliferating cells as compared to the wild-type controls (p b 0.01). In the presence of FGF2, cell proliferation of both Fgfr2 +/S252W and wild-type cells increased significantly (p b 0.01, Fig. 2A ).
However, the extent of the increase in cell proliferation was much greater in Fgfr2 +/S252W cells than that in the wild-type controls. Specifically, the proliferation of the Fgfr2 +/S252W cells increased by 118% and that of the wild-type cells increased by 29% when compared to the respective controls without FGF2 (p b 0.01). In the presence of FGF10, proliferation of the Fgfr2 +/S252W cells increased 100%, while no significant increase was observed in the wild-type cells.
Effects of the +/S252W mutation on ALP production and its responses to FGF ligands during monolayer expansion
At day 2, Fgfr2
+/S252W and wild-type cells produced comparable amounts of ALP (Fig. 2B) . A significant increase in ALP activity per cell was observed in Fgfr2 +/S252W cells beginning on day 4, and more ALP was produced by the mutant cells compared to the wild-type controls from day 4 to day 10. A significantly stronger ALP staining was also observed in Fgfr2 +/S252W cells compared to wild-type cells (data not shown). For example, on days 8 and 10, the Fgfr2 +/S252W cells respectively produced 39% and 108% more ALP, respectively, than the wildtype controls (p b 0.01).
In the presence of 10 ng/ml FGF2, the ALP production by the Fgfr2 +/S252W cells and wild-type cells was reduced to a negligible level (Fig. 2B ). In the presence of 10 ng/ml FGF10, the ALP production by the Fgfr2 +/S252W cells was partially inhibited (Fig. 2C ). For example, compared to controls, the ALP activity of Fgfr2 +/S252W cells decreased 59% on day 4 and 68% on day 6 (p b 0.01). The greatest difference was observed on day 10, when Fgfr2 +/S252W cells produced 86% less ALP in the presence of FGF10 than did control cells. 
In contrast, supplementation with FGF10 did not significantly decrease the ALP activity of wild-type cells.
The +/S252W mutation leads to slight decrease in cell proliferation after 4 weeks of differentiation in 3D hydrogels (Fig. 3A) . DNA content within the hydrogels increased slightly over the 4 weeks of culture. At the end of 4 weeks in culture, the DNA content in the Fgfr2 +/S252W group (18.17 ± 0.44) was 14% lower than that of the wild-type control (21.23 ± 0.69), with p b 0.01. After 4 weeks of culture in osteogenic medium, the water content of the Fgfr2 +/S252W gels (83.3 ± 0.3%) was the same as that of the wildtype gels (83.2 ± 0.8%), indicating the same pore size and physical property of the hydrogels for both groups.
The +/S252W mutation leads to increased collagen type I deposition and abnormal chondrogenesis after 3D differentiation
Immunofluorescence staining for collagen type I was positive in both Fgfr2 +/S252W gels and wild-type controls by the end of 4-weeks culture under osteogenic conditions (Figs. 3B, C) . A stronger staining of collagen type I was observed in the Fgfr2 +/S252W gels compared to the wild-type controls. Strong staining of cartilage specific marker, collagen type II, was observed in the cellular and pericellular regions in the Fgfr2 +/S252W group while only minimal staining was seen in the wild-type controls, as we have previously reported in vivo (Figs. 3D, E) [11] .
The +/S252W mutation leads to upregulation of bone marker genes and down-regulation of bone remodeling gene expression after 3D osteogenic differentiation (Figs. 4G-I ).
The +/S252W mutation leads to increased osteopontin expression and mineralization in mouse limbs in vivo Detection of mouse osteopontin by in situ hybridization on neonatal (day 0) mouse limb sections revealed higher expression of this early bone marker in the limbs of the Fgfr2 +/S252W mice compared to the wild-type control mice (Figs. 5A, B) . At this stage, no significant difference was observed in the expression levels of bone sialoprotein (BSP), a late bone marker (Figs. 5C, D) . Alizarin red S staining on day 0 mouse limb sections also exhibited higher amounts of mineralization in the long bone regions of Fgfr2 +/S252W mice compared to the wildtype controls (Figs. 5E, F) .
Discussion
In degree of mineralization than in the wild-type controls. Furthermore, our data suggest several mechanisms that may underlie the abnormal bone development associated with Apert syndrome, such as increased osteoblastic differentiation, decreased bone matrix remodeling, and altered cellular responses to FGF ligands with different specificity. The cells used in this study were extracted from bone and are primarily composed of osteoblasts. We chose the current scaffolds as numerous studies have used 3D hydrogel scaffolds to culture osteoblasts or osteogenic cells for bone repair purposes, with documentation of these 3D scaffolds promoting osteoblastic differentiation and bone matrix formation [28] [29] [30] [31] . One advantage of the 3D photopolymerizable hydrogel system is its capacity to homogeneously encapsulate cells. We have previously shown that the cell distribution and tissue growth is uniform throughout the 3D hydrogel by histology [11] . When osteoblasts from Fgfr2 +/S252W mice were cultured in hydrogels, which simulates a 3D physiological environment, the cells underwent active osteogenesis. After 4 weeks of culture in 3D in osteogenic medium, a significant upregulation of all three bone markers including collagen type I, bone sialoprotein and osteocalcin was found in Fgfr2 +/S252W osteoblasts. A previous clinical study by De Pollack et al. also reported increased ALP activity and osteocalcin production by osteoblastic cells isolated from fused sutures compared with cells isolated from normal sutures in the same patients [14] . Both their results and our results suggest that Fgfr2 +/S252W mutation is associated with increased osteoblastic differentiation in both intramembranous and endochondral bone formation. For tissue engineering applications, the scaffold properties can often influence cell behavior such as the amount of matrix production. Although the absolute amount of matrix may depend on scaffolds, the differences of the matrix production between the mutant and the wild-type cells would still be similar. Cell-cell communication is also a critical issue and can be achieved through direct cell-cell contact or diffusion of soluble factors. In our model system, the encapsulated cells are not in direct contact while the hydrogel allows the soluble factors to diffuse across the gel and is adaptable to form multi-layer hydrogels [32] . In contrast to the significantly increased BSP expression we observed in the Fgfr2 +/S252W cells after 4 weeks of in vitro culture under osteogenic conditions, the in situ hybridization results did not show significant differences in the BSP expression between the Fgfr2
mouse limb sections and the controls. This could be explained by the different cell maturation stages at which the gene expression patterns were examined. In situ hybridization was performed with the P0 mouse limb sections, which represented the initial stage at which the cells were isolated. In contrast, the quantitative PCR analyses were completed after the cells were cultured in 3D under osteogenic conditions for 4 weeks and had reached a more mature cell stage. Our 3D PCR analyses demonstrated a greater increase in the expressions of mature bone markers (bone sialoprotein, osteocalcin, collagen type I) while the in situ hybridization results showed a greater increase in the expression of early bone marker (osteopontin). These findings suggest this in vitro 3D model is an effective tool to study the cell and tissue development at a more mature stage, and is particularly useful for evaluating disease development where the animal model is neonatal lethal. 
Fgfr2
+/S252W cells proliferated significantly faster than wild-type control cells in monolayer culture. This finding is consistent with a previous monolayer study by Mansukhani et al., in which FGFR2 S252W transfected osteoblasts exhibited a two-fold increase in proliferation [13] . The hydrogel we used did not encourage cell proliferation and the cell number only increased slightly over 4-weeks culture period. This better mimics the in vivo scenario, where the differentiating osteoblasts do not actively proliferate. Furthermore, the slightly decreased cell proliferation in hydrogel culture is accompanied by an increased osteoblastic cell differentiation in Fgfr2 +/S252W cells at the end of the 4-week culture. This is in line with previous reports in which more mature osteoblasts demonstrated a lower proliferative capacity [13, 33] .
To investigate the cellular mechanism that links the S252W mutation to the observed alterations in osteoblastic differentiation, we evaluated the changes in the FGFR2 responses to FGF ligands by examining cell proliferation and ALP production. We specifically chose FGF2 and FGF10, two ligands that are reported to have different binding specificity to FGFR2 [8] . Osteoblasts we used in this study express the Fgfr2c splice form. FGF2 normally binds to Fgfr2c, and our results indicated that both mutant and wild-type cells responded to FGF2 with increased cell proliferation and decreased ALP production. However, the increase in cell proliferation of the mutant cells (118%) was much greater than that of the wild-type cells (29%) when both were exposed to the same concentration of FGF2 (p b 0.01). The mechanisms by which the S252W mutation increased responses of cell proliferation to FGF2 remain unclear. One possibility is the increased affinity of FGF2 to the S252W mutant Fgfr2c, as S252W mutation decreases the ligand/receptor dissociation rate and prolonged binding [7] . Alternatively, S252W mutation may produce an increased response in the intracellular pathways that affect the cell proliferation.
The S252W mutation has also been shown to alter FGFR2 binding specificity for various FGF ligands [8, 9, 34] . Crystal structure analyses of Fgfr2c demonstrated that S252W mutation may allow Fgfr2c to abnormally bind FGF ligands, such as FGF7 and FGF10 [8, 34] . In another study, S252W mutation in Fgfr2c showed robust tyrosine phosphorylation in response to FGF7 while wild-type Fgfr2c was not phosphorylated after addition of FGF7 [9] . We indeed observed the response of Fgfr2 +/S252W osteoblasts to FGF10, with an increase in cell proliferation and partial inhibition in alkaline phosphatase production. Our results indicate that the S252W mutation not only allows FGF10 to bind and activate Fgfr2c, but it also affects the signal transduction pathways that are involved in alkaline phosphatase production. Metalloprotease-13 (MMP-13) is a protease that plays an essential role in extracellular matrix remodeling [35] . Our results showed a downregulation of MMP-13 in Fgfr2 +/S252W osteoblasts, in both monolayer and hydrogel culture. MMP-13 downregulation was previously reported in a study of FGFR2 with the P253R mutation, another substitution in Fgfr2 that is associated with Apert syndrome [35] . Such alterations may disturb the delicate balance among various extracellular matrix components and cause abnormalities in skeletal development. In fact, this speculation is supported by our 3D culture results, in which downregulation of MMP-13 was accompanied by significant upregulation of bone matrix proteins collagen type I, bone sialoprotein and osteocalcin. The same trend was observed in the expression of Noggin, an antagonist of BMPs, for which a significant downregulation was observed in hydrogel culture. Downregulation of Noggin has been proposed as one of the mechanism of Fgfr-mediated craniosynostosis [36] . The BMP4 expression pattern was the same as Noggin. However, further detailed investigations are required to determine the regulation of other members of the BMP family in the context of this mutation.
In the present study, we saw a notable level of expression of the cartilage marker collagen type II in the FGFR2 +/S252W cells in hydrogel culture under osteogenic conditions, whereas only minimum staining was seen in the controls. Abnormal chondrogenesis was previously observed in the craniofacial and other organs of our mutant mice [11] . Clinically, ectopic chondrogenesis has been observed in periarticular tissues of Apert syndrome digits [37] . Thus, the S252W mutation may be involved in the regulation of cell fate determinants and/or proliferation that affect chondrogenesis in addition to osteogenesis. Mouse calvarial organ culture system has been used previously to study Apert syndrome. It was shown that FGF2-induced osteogenic response can be blocked by the addition of FGFR2IIIcS252W [38] . While organ explant culture provides a very useful tool to study the disease phenotype, our 3D culture offer additional advantages that cannot be achieved by organ culture. Most notably, the 3D in vitro culture model enable us to have better control of experimental parameters, such as cell density, cell types, and the matrix components, which will greatly enhance our capability to dissect the disease mechanisms. Specifically, when certain responses are observed through the organ culture, it can be difficult to identify which factor is responsible for the observation as organ culture integrates all the factors (cell-cell interactions, matrix factors, secreted soluble factors etc.). In contrast, the 3D culture model would allow us to examine the effects of multiple factors individually or in any possible combinations. For example, the 3D hydrogel model would enable the examination of cell-cell interactions by co-culturing different cell types in multilayered hydrogels in a defined manner. Furthermore, in vitro culture system would allow expansion of the cells from the explant materials, which would potentially allow more assays to be performed.
In summary, this study has applied tissue engineering strategies to study the genetic disease, Apert syndrome, which leads to abnormal bone development. In the 3D hydrogel culture model, the FGFR2 +/S252W mutation was associated with increased osteoblastic differentiation, decreased bone matrix remodeling and abnormal chondrogenesis. The correlation between in vitro data and in vivo findings has provided the basis for proposing this in vitro 3D culture system as a valuable alternative method for future studies of the determinants of both normal and abnormal skeletal development. It has the potential to lead to a significant improvement in our understanding of the pathophysiological process associated with Apert syndrome and other genetic diseases, which often are lethal mutations in animal models. Furthermore, although knock-out and conditional targeting technologies are available, they are not practical to human and our 3D culture model would be particularly valuable in handling human materials.
